We present growth studies of InSb nanowires grown directly on InSb (111)B and InAs (111)B substrates. The nanowires were synthesized in a chemical beam epitaxy (CBE) system and are of cubic zinc blende structure. To initiate nanowire nucleation we used lithographically positioned silver (Ag) seed particles. Up to 87% of the nanowires nucleate at the lithographically pre-defined positions. Transmission electron microscopy (TEM) investigations furthermore showed that, typically, a parasitic InSb thin film forms on the substrates. This thin film is more pronounced for InSb (111)B substrates than for InAs (111)B substrates, where it is completely absent at low growth temperatures. Thus, using InAs (111)B substrates and growth temperatures below 360
Introduction
Indium antimonide (InSb) has an extremely high electron mobility of up to 77 000 cm 2 V −1 s −1 [1] and, equally important, a good hole mobility of up to 850 cm 2 V −1 s −1 [2] . It is these high mobility values that entitle InSb to be a promising candidate for future high-speed, lowpower electronic applications [3] . Recently, measurements on InSb nanowire field-effect transistors substantiated this prediction [4, 5] . From a basic research point of view InSb offers some attractive features. It exhibits a very large Bohr exciton radius so that quantum effects already occur at sizes in the range of 50 nm. For InSb nanostructures, interesting properties like a strong Rashba effect [6] , a high thermoelectric figure of merit [7] , and a very large Landé g-factor [8] have been theoretically predicted or experimentally observed.
For integration in electronic applications it is presumably unavoidable to grow InSb on lattice-mismatched substrates. However, heteroepitaxial growth of InSb is not trivial due to its large lattice constant (a 0 = 0.648 nm) compared to other III-V-semiconductor materials. Consequently, a large lattice mismatch exists between InSb and typical semiconducting substrate materials (InAs: 7%, GaAs: 15%, Si: 19%). The 1 Author to whom any correspondence should be addressed. stress accompanying the large lattice mismatch induces the formation of misfit dislocations, a problem that is usually overcome by introducing buffer layers between the substrate and the InSb layer [9] . Another way of solving the misfit problem is to synthesize InSb in the form of nanowires instead of thin films. A nanowire grown heteroepitaxially on a latticemismatched substrate can potentially relax part of the strain energy by elastically deforming its shape [10] . Due to this strain energy reduction, the tendency for introducing misfit dislocations at the nanowire-substrate interface is reduced, in particular for nanowires of small diameters. It is therefore desirable to synthesize InSb nanowires with small diameters in order to increase the versatility with respect to the choice of the substrate material [11] .
Different methods for InSb nanowire growth have been demonstrated in the past [12] [13] [14] . Also, heteroepitaxial Auseeded vapor-liquid-solid (VLS) growth of InSb nanowires on pre-synthesized InAs nanowires has been demonstrated. Using both metal-organic vapor phase epitaxy (MOVPE) [11, 15] and chemical beam epitaxy (CBE) [16] at temperatures higher than 430
• C, both approaches gave InSb nanowire segments on top of InAs. Furthermore, Caroff et al [11] demonstrated InSb nanowire arrays on very short InAs stems using electron beam lithography. Direct growth on InAs substrates, however, resulted in the formation of both nanowires and pyramid-like Figure 1 . Schematic of the LIL-patterning and CBE process. First a photoresist is spin coated onto a clean substrate (a) and then partially exposed (b). After development (c) a thin layer of Ag was evaporated (d) and followed by lift-off (e). The last step was the actual growth process within our CBE system (f). (This figure is in colour only in the electronic version) structures. For InSb nanowire growth CBE [17] [18] [19] has some decisive advantages over other epitaxial growth techniques like MOVPE or molecular beam epitaxy (MBE). One is that CBE operates at significantly lower pressures than MOVPE, resulting in ballistic mass transport of the precursors from the sources to the substrate. This minimizes gas phase prereactions. In this respect, CBE resembles MBE, only that material fluxes can be more easily controlled with CBE due to the use of mass flow controllers. Another important aspect is that thermal cracker cells are used in CBE to pre-crack one or more of the metal-organic precursors. This allows for growth at much lower substrate temperatures compared to MOVPE. In particular for a material like InSb (melting point 525
• C) this is a strong advantage. In this work we demonstrate the hetero-and homoepitaxial CBE growth of InSb nanowires on InSb (111)B and InAs (111)B substrates.
Laser interference lithography
The ability to control the position of nanowires on substrates is essential for the technological prospect of InSb nanowires [20] . For instance, to realize vertical devices both location and growth direction have to be precisely controllable. For this to be achieved laser interference lithography [21, 22] has been used to pre-pattern the substrate and obtain a regular arrangement of seed particles. The process is indicated in figure 1 . The InSb (111)B and InAs (111)B substrates were first wet chemically cleaned in an HCl:H 2 O (1:10) solution, and rinsed in deionized ultra-pure water. After substrate cleaning, the ultraviolet (UV) photoresist (Allresist AR-N4240) was spin coated onto the substrate's surface (see figure 1(a) ). The photoresist was then exposed to the UV laser light (wavelength 254 nm) of the interference lithography set up ( figure 1(b) ). After the development of the photoresist (figure 1(c)) a thin film of Ag (usually 4 nm) was thermally evaporated onto the substrates (figure 1(d)) and the photoresist was lifted off, to give a regular array of Ag dots of about 150 nm in diameter (figure 1(e)). The advantage of laser interference lithography compared to other structuring methods is that dot-size and dotdensity are easily tunable, and that large area structuring is simple and fast. As already mentioned we used Ag instead of Au. The lowest eutectic temperature in the ternary AgIn-Sb (417
• C) system is higher compared to the ternary AuIn-Sb system (346 • C) [23, 24] . A well-defined positioning of the nanowires was only achieved with Ag compared to Au presumably because of a smaller surface mobility of Ag on InSb/InAs (see supplementary S1 available at stacks.iop.org/ Nano/22/015605/mmedia). Au has been used exclusively by different groups for the growth of III-V nanowires, the use of Ag containing alloys as seed particle is a novelty. In this work, the growth of ordered arrays of InSb nanowires grown directly on InSb (111)B and InAs (111)B using a Ag seed particle is discussed.
Chemical beam epitaxy
The system being used for the InSb nanowire growth was a non-commercial cold wall chemical beam epitaxy (CBE) system. Trimethylindium (TMIn) and Triethylantimony (TESb) were the precursor materials used in this study. The precursors were held at constant temperature of 42.5
• C to ensure a constant vapor pressure of the sources during the growth process. Commercially available mass flow controllers (MKS 1150C) were used to introduce a well-defined precursor flux into the chamber. The chamber was evacuated to a base pressure of 5 × 10 −9 mbar. During growth the chamber pressure generally was in the range of 10 −5 -10 −4 mbar depending on the actual precursor fluxes. In order to ensure good homogeneity on the substrate the precursors were led into the chamber via specially designed gas injectors. TESb has a high dissociation energy. To pre-crack TESb, the precursor was injected through a thermal cracker cell held at temperatures around 625
• C. TMIn, in contrast, is introduced into the growth chamber through an injector held at about 70
• C. The decomposition of TMIn starts at temperatures around 300
• C [25] , and it is assumed to decompose only at the surface of the heated substrate. Since the decomposition of TMIn is a strongly temperature dependent process, CBE growth heavily depends on the substrate temperature. Furthermore, since CBE is a kinetically controlled growth process, the structure and morphology of the nanowires also critically depends on the absolute In and Sb precursor fluxes as well as the V-IIIratio. In this study growth takes place at substrate temperatures between 340 and 400
• C. No annealing was performed before growth. All samples were grown with a TMIn flux of 0.175 sccm and a V-III-ratio of 2. Precursors were turned off after 25 min of growth and the samples were cooled down in vacuum. • C and 360
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• C respectively. It should be noted that on the InSb (111)B substrate a thick parasitic InSb layer in the space between nanowires formed. In contrast, on the InAs (111)B substrate little parasitic growth occurred at the foot of the nanowires. Correlating the initial Ag particle volume to the volume of the seed particle observed on top of the nanowires after growth suggested that a metallic alloy with ∼20 at.% Ag promoted InSb nanowire growth.
This was confirmed by post-growth energy dispersive x-ray (EDX) experiments which revealed an Ag content of about 14 at.% inside the droplets for nanowires grown at 380
• C. Post-growth x-ray diffraction (XRD) investigations after different cooling procedures (see supplementary S2 available at stacks.iop.org/Nano/22/015605/ mmedia) also confirmed that nanowire growth was promoted by an Ag-In alloy. All experiments consistently indicate that an In-rich alloy promoted InSb nanowire growth. According to the Ag-In phase diagram, at 380
• C about 27 at.% of Ag can be dissolved in liquid In-Ag alloys (possible In supersaturation is not considered). We therefore conclude that the seed particle is more likely to be liquid than solid during growth.
Most of the nanowires grew perpendicularly to the substrate surface and showed only little tapering (ratio of top diameter to base diameter = 0.8) at 360
• C. Tapering is most likely caused by progressive reduction of the In content within the seed particle at low temperatures together with lateral overgrowth on the side facets at higher temperatures. This might explain the more severe tapering at higher temperatures since parasitic InSb growth is also more pronounced (ratio of top diameter to base diameter = 0.6 at 380
• C). It should be noted that the wire distance is not the same for the samples shown in figure 2 and this difference in wire density might also have an influence on the nanowire morphology [26] .
At 360
• C (on InAs substrate) 87% of the Ag islands nucleated at least one InSb nanowire compared to the number of lithographically pre-defined positions. While heating the substrate, the Ag islands could have also split into two alloy droplets which each catalyzed a nanowire. At 380
• C (on InSb substrate) however, only 43% of the Ag islands nucleated a nanowire. This is probably caused by a higher mobility of seed particles at higher substrate temperatures and hence more pronounced Ostwald ripening.
In order to maximize the nanowire-versus-thin-film growth rate ratio, a series of growth experiments at different temperatures has been conducted. These results are shown in figure 3 , where the growth rate of InSb nanowires (NW) as well as the growth rate of the additional thin film (TF) is given as a function of the substrate temperature for the two different types of substrates: InSb (111)B and InAs (111)B . The growth rate was determined by measuring wire length and thin film thickness using SEM and TEM images. For VLS grown nanowires the nanowire length also depends on the nanowire diameter [19] . To circumvent this influence, only nanowires with diameters of 95-115 nm were considered for this evaluation. Each data point of the nanowire growth rate represents the mean of at least 50 nanowires, for which the length was measured. The error bars correspond to the standard deviation. One can see in figure 3 (a) that the nanowire growth rate reaches a maximum at a substrate temperature of about 380
• C on [27] . The increase of the nanowire growth rates from 340 to 380
• C can be attributed to the increased TMIn decomposition and the corresponding larger In supply. Reducing the temperature also reduces thin film growth, and at 340
• C only insignificant film growth can be observed. Considering figure 3(a) it can be anticipated that for temperatures higher than about 400
• C the growth rate for the thin film even exceeds the nanowire growth rate. Furthermore, results show that in order to maximize the nanowire-versusthin-film growth rate ratio, a quite low substrate temperature of around 340
• C should be applied. Considering InSb growth on InAs (111)B , figure 3(b) , the maximum nanowire growth rate is also reached at about 380
• C. It should be noted that the overall growth rates are somewhat smaller than the growth rates observed for growth on InSb (111)B . This can potentially be attributed to reduced diffusion or increased desorption of the In precursor species on InAs (111)B compared to InSb (111)B and the correspondingly reduced In supply for InSb growth.
Insufficient data concerning adatom diffusion under CBE conditions exist to verify this. Another possible cause could be that thin film growth is influenced by the lattice mismatch of about 7% which could potentially decrease growth rates. It is worth emphasizing that for substrate temperatures of 360
• C and below, absolutely no thin film growth takes place and hence free-standing InSb nanowires on InAs (111)B substrates can be fabricated. Figure 4 (a) shows a cross-section bright-field TEM image of a InSb nanowire grown on InSb (111)B at a substrate temperature of 380
• C. As expected from the previously shown growth rate investigations, a defect rich InSb layer embedding the nanowires is clearly visible. Figure 4(b) shows a crosssection bright-field TEM image of an InSb nanowire grown on InAs (111)B . The substrate temperature was set to 340
• C. As growth rate evaluations suggested, no parasitic thin film grew. It should be mentioned that samples used for TEM investigations were grown from non-structured samples onto which a 2 nm thick Ag film had been deposited. Figure 5 (a) shows a high resolution TEM image of an InSb nanowire grown at 340
• C. A high number of stacking faults and twin defects can be observed. Figure 5(b) shows the corresponding fast Fourier transform (FFT). The nanowire is of cubic zinc blende structure and the characteristic streaking caused by the large number of stacking faults is clearly visible. • C. The number of stacking faults within the nanowire is significantly reduced. Instead, twinning occurs, as confirmed by the corresponding FFT shown in figure 5(c) . The twin segments were each about 20 nm in height. Previous reports on InSb nanowire growth [11, 15, 16] showed nearly perfect InSb nanowires without any planar defects. Caroff et al [28] showed that nanowires grown at low substrate temperatures exhibit a larger number of planar defects than wires grown at higher temperatures. So, we attribute the formation of planar defects to the overall lower growth temperatures and to a seed particle, that (mostly consisting of In) is not lattice matched to InSb. Figure 6 shows three Raman spectra that were acquired with the 488 nm emission line of an Ar + -ion laser (spot diameter about ≈1 µm, energy density ≈8×10 4 W cm −2 ). The upper gray curve corresponds to the Raman spectrum of a piece of bulk InSb. The two pronounced peaks at ≈180 cm −1 and ≈190 cm −1 correspond to the twofold degenerate transverse optical (2 × TO) phonon modes and to the one longitudinal optical (LO) mode, respectively. The lower gray curve displays the Raman spectrum of bulk InAs. Analogously to bulk InSb, the lower wavenumber peak (≈220 cm −1 ) belongs to the two degenerate TO modes and the peak at ≈240 cm −1 to the LO mode. Analogously to all other polar semiconductors with zinc blende structure (e.g. GaAs, GaP, InP) the frequency of the LO phonon is higher. This is because electric fields build up in the crystal during an LO lattice oscillation increasing the effective force constant, which then results in a higher phonon frequency.
The black graph represents the Raman spectrum of a sample where InSb nanowires were grown on an InAs substrate. In this case, the Raman peaks corresponding to • C. The number of planar defects is heavily reduced and only well-defined twinning occurred (see FFT in (c)). Black arrows mark twin boundaries. The white arrows mark sections of the nanowire with high stacking fault densities.
the optical phonon modes of InSb and InAs are visible. The slight shift of the InSb Raman bands to higher wavenumbers compared to bulk InSb (see inset figure 6 ) might be caused by the stress at the nanowire/substrate interface as the InAs peaks are also slightly shifted.
The influences of the phonon confinement effects in semiconductor nanostructures always lead to a shift of phonon frequencies to lower wavenumbers and therefore also to a decrease of the Raman peak positions (due to the relaxation of the zero-wavevector selection rule at the Brillouin zone center and the always negative slope of the phonon dispersion curves close to the zone center). The absence of this shift indicates that the diameters of the grown InSb nanowires (100-250 nm) are too large for observable phonon confinement effects. Generally, phonon confinement effects in other semiconductor nanostructures (Si nanowires, etc) usually require characteristic sizes of less than 30 nm [29, 30] which agrees with our findings. A detailed Raman analysis of InSb nanowires that addresses phonon confinement effects and the influence of crystal defects on the lattice oscillations is in progress.
Conclusions
In summary, we have demonstrated the homo-and heteroepitaxial growth of InSb nanowires directly on InSb (111)B and InAs (111)B substrates. Instead of Au we used lithographically structured Ag seed particles for nanowire growth. We investigated the growth rate of both InSb nanowires and parasitic InSb thin films on InAs and InSb substrates. We were able to show that the growth rate of the parasitic InSb thin film is strongly reduced on InAs (111)B substrates. By applying low growth temperatures, this allowed us to grow free-standing InSb nanowires without any parasitic InSb thin film. TEM investigations, however, showed that nanowire growth at temperatures as low as 340
• C results in a higher density of stacking faults within the wires.
